Protoporphyrinogen oxidase (Protox) is the last shared enzyme of the porphyrin pathway. As a continuation of our previous work in which the transgenic rice plants expressing the Bacillus subtilis Protox in the cytoplasm or the plastid showed resistance to diphenyl ether herbicide, this study was undertaken to identify the eŠects of tertapyrrole biosynthesis in these transgenic rice plants. The transgenic plants either targeted into plastids or expressed in cytoplasm showed higher Protox activity than wild-type plants did. Photosynthetic activity, measured as a quantum yield of photosystem II, was slightly higher in transgenic plants than in wildtype plants, but chlorophyll contents were not signiˆcantly diŠerent between transgenic and wild-type plants. As for porphyrin biosynthesis, both cytoplasmexpressed and plastid-targeted transgenic plants showed increased synthesis of aminolevulinic acid, Mg-Proto IX, and protoheme in comparison to wild-type plants whereas synthesis of protoporphyrin IX was similar for wild-type and transgenic plants. These results indicate that either cytoplasm or plastid expression of B. subtilis Protox in rice can upregulate the porphyrin pathway leading to increase in photosynthetic e‹ciency in plants.
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The porphyrin biosynthetic pathway is required for formation of heme and Chls in plants. 1) The earliest unique precursor in this pathway is ALA. Protoprophyrinogen IX (Protogen IX) is converted to protoporphyrin IX (Proto IX) by protoporphyrinogen oxidase (Protox, EC 1.3.3.4), which is the last enzyme before the biosynthetic pathways of Chl and heme diverge. Proto IX is converted to heme or Chl by chelation of Fe 2＋ or Mg 2＋ , respectively. Protox is expressed in plant plastids and mitochondria [2] [3] [4] and the chloroplast envelope is highly enriched in Protox. 5, 6) Protox is the target site for photodynamically active peroxidizing herbicides including the diphenylether type. To produce transgenic plants resistant to diphenyl-ether herbicides, two Protox genes from Bacillus subtilis and Arabidopsis thaliana were used to transform tobacco 7, 8) and rice 9) in which these transgenic plants were shown to be resistant to diphenyl-ether herbicides such as oxy‰uorfen and aci‰uorfen. The mode of action of diphenyl-ether herbicides is somewhat complex, but is well characterized. 10, 11) When Protox is inhibited by herbicides, the excess Protogen IX leaks out of the plastid and is oxidized to Proto IX by an nonspeciˆc plasma membrane-bound peroxidase. Proto IX is a photosenstizer, which causes cell death by a light-dependent mechanism via production of singlet oxygen and peroxidation of membrane lipids. 9, 10, 12, 13) Previously it has been shown that the transgenic plants expressing the B. subtilis Protox confer the diphenyl ether type herbicide oxy‰uorfen resistance both in tobacco and in rice when judged by in vitro leaf disk assays, such as cellular leakage and malondialdehyde contents. 7, 9) In this study we have examined the eŠects of porphyrin biosynthesis and pho-tosynthesis in the transgenic rice plants expressing the B. subtilis Protox either in cytoplasm or plastid. We found that both transgenic plants have increased porphyrin synthesis as well as photosynthesis.
The goal of this study is toˆnd if the heterologous expression of B. subtilis Protox in rice plants can modulate tetrapyrrole biosynthesis and photosynthetic e‹ciency. In this report, we had measured Protox expression and activity in transgenic and wild-type plants. Porphyrin contents and photosynthetic e‹ciency were also compared in transgenic and wild-type plants.
Materials and Methods
Plant transformation and growth. The T1 transgenic plants expressing B. subtilis Protox either in the cytoplasm or in the plastid were from T0 transgenic rice plants of Lee et al. 9) T1 seeds harvested from T0 transgenic plants were seeded on a half-strength MS medium containing 50 mg l -1 hygromycin. The T1 transgenic plants surviving on hygromycin medium and untransformed wild-type rice plants were transplanted into a contained pot in a greenhouse for further analysis, and water and nutrients were supplied throughout the study. C18 and C89 T1 transgenic lines in this paper were from C3 and C5 T0 transgenic lines of cytoplasm expression, respectively. P32 and P72 T1 transgenic rice plants of plastid expression were originated from P5 and P15 T 0 transgenic lines, respectively. 9) Transgenic control rice plants expressing the binary vector (pGA1611) only were generated via Agrobacterium-mediated transformation methods.
Northern blot analysis. Total RNA (10 mg) was isolated from leaves of transgenic or wild-type rice plants using TRI reagent (Sigma Chemical Co., St. Louis, MO, USA) and fractionated on a 1z agarose gel containing formaldehyde, with 20 mM 3-( N-morpholino)propanesulfuric acid as a running buŠer. The gel was blotted onto a nylon membrane and hybridized with the B. subtilis Protox gene. RNA samples were stained with ethidium bromide before blotting.
Antibody preparation and Western blot. A polyclonal mouse antiserum was raised against puriˆed Protox protein (BoDiTech, Korea). To make the antibody, a histidine-tagged recombinant form of B. subtilis Protox was synthesized in Escherichia coli, puriˆed using a‹nity chromatography, and characterized. The Protox expression construct was prepared by inserting the full-length cDNA without a stop codon into the pET28(b) bacterial expression vector. 14, 15) The insert was subcloned in frame so that a hexa-histidine tag was added to the carboxy terminus of the protein. The expression of recombinant Protox is highly induced by IPTG. The His-tagged Protox protein accounts for 30-40z of the total soluble E. coli protein when judged by densitometry of Coomassie blue-stained gels. A single-step a‹nity puriˆcation was done using a Ni-NTA column. The yield of His-tagged protein is approximately 1.2 to 1.5 mg per 0.1 liter of culture (data not shown). This puriˆed Protox was injected into mice to produce the antibody. Leaves (0.2 g) were homogenized in a mortar and pestle with 1 ml of extraction buŠer (80 mM Tris-HCl (pH 7), 20z glycerol, 10 mM sodium metabisulˆte, 10 mM sodium ascorbate, 15 mM MgCl2, 1z PVP) and 1 W 10th tablet of complete protease inhibitors (Complete, Mini, Boehringer Mannheim, Germany). The extracted samples were centrifuged for 40 min at 16,000 rpm at 49 C, and the supernatants were used for protein analysis. Soluble protein (50 mg) was separated by SDS-PAGE. After electrophoresis in an 11.5z (w W v) acrylamide W bis gel, proteins were transferred to a PVDF membrane and immunodetected with Protox polyclonal antibodies. A Western Blotting Kit (Boehringer Mannheim, Germany) was used for processing the immunoblot.
Protox assay measurement. Plastids were isolated from 7 g of leaf material of 3 WAT rice plants. Leaves were extracted with 40 ml of homogenization buŠer (0.5 M sorbitol, 0.1 M Tris-HCl, pH 7.5, 1 mM DTT, and 0.1z (w W v) bovine serum albumin). 8) Plastids were collected by centrifugation at 5,000×g for 10 min and resuspended in 2 ml of assay buŠer containing 0.1 M Tris-HCl, pH 7.5, 5 mM DTT, 1 mM EDTA, and 0.03z (v W v) Tween 80. The assay contained 70 ml of plastid suspension (0.5 mg protein) and 140 ml of assay buŠer. The reaction was started by adding Protogen IX, the mixture incubated for 3 min, and reaction was stopped with 1.6 ml of ice-cold methanol:DMSO (8:2, v W v). The boiled plastid suspension was used as a control to measure background Proto IX autooxidation. 16) Porphyrins were separated by HPLC using a Novapak C18 column (4-mm particle size, 4.6×250 mm, Waters Chromatography, Milford, MA, USA) at a ‰ow rate of 1 ml min -1 . Porphyrins were eluted with a solvent system of 0.1 M ammonium phosphate (pH 5.8) and methanol. The column eluate was monitored with a ‰uorescence detector (474, Waters) at the excitation and emission wavelengths of 400 nm and 630 nm, respectively.
Chl content and ALA-synthesizing capacity. Chl concentration was measured spectrophotometrically by the method of Lichtenthaler.
17) ALA-synthesizing capacity was measured as described by Papenbrock et al. 18) Leaf disks were harvested for each sample, incubated in 20 mM phosphate buŠer containing 40 mM levulinic acid, in the light for 6 h, and frozen in liquid nitrogen. Samples were homogenized, resuspended in Blots were probed with a polyclonal antibody raised against B. subtilis Protox. M, molecular size marker; TC, transgenic control; C17 and C89, cytoplasm-targeted transgenic line; P32 and P72, plastid-targeted transgenic line; Bs, puriˆed Histagged B. subtilis Protox protein (50 ng).
1 ml 20 mM K2HPO4 W KH2PO4 (pH 6.9) and centrifuged at 10,000×g. Five hundred microliters of supernatant was mixed with 100 ml ethylacetoacetate, boiled for 10 min, and cooled for 5 min. An equal volume of modiˆed Ehrlich's reagent was added and the chromophore detected at 553 nm using a spectrophotometer.
Porphyrins and heme. Plant tissue (0.1 g) was ground in 2 ml methanol:acetone:0.1 N NaOH (9:10:1, v W v) and the homogenate was centrifuged at 10,000×g for 10 min to remove cell debris and proteins. Porphyrins were directly analyzed by HPLC as described above. Porphyrins were identiˆed and measured using authentic standards. 19) Heme was extracted as described previously. 20) Acid-acetone extracts were extracted again with diethyl ether and put on a QMA SepPak column. Protoheme and heme a were further puriˆed and separated by HPLC on a Novapak C 18 column (4-mm particle size, 4.6× 250 mm, Waters) with a solvent system of ethanol: acetic acid:H2O (66.5:17:16.5) using detection at 402 nm.
Photosynthetic activity. Chl a ‰uorescence was measured in vivo using a pulse amplitude modulation ‰uorometer (PAM-2000, Walz, EŠeltrich, Germany). The quantum yield of electron transport through PSII, which measures the quantum e‹ciency of PSII, was calculated as deˆned by Genty et al.
21) It provides a quick and useful estimate of light reaction activity and photosynthetic rate. Net photosynthesis measured as CO2 uptake was measured in the fully expanded leaves (third leaves ofˆrst tiller) using a closed, portable, infrared gas analyzer (LI-6400, LiCor, Lincoln, NE, USA). Measurements were done at 10 WAT and 2000 mmol PPFD m -2 s -1 , with a CO2 concentration of 400 ml l -1 , until CO2 assimilation reached a maximum steady-state level.
Results and Discussion
Expression of B. subtilis mRNA in transgenic rice plants B. subtilis Protox was introduced into the rice genome and several transgenic lines were isolated. 9) Four independent lines were selected for further characterization, two of which express Protox in the cytoplasm (C17, C89) and two of which express Protox in the plastid (P32, P72). Total RNA was isolated from leaves of the transgenic rice (T1) and examined by Northern blotting with a full-length B. subtilis Protox DNA as a probe. No hybridization signal was detected in RNA from wild-type or transgenic control rice harboring a vector only (Fig. 1) . In contrast, B. subtilis Protox mRNA was expressed abundantly in all transgenic lines. Plastid-targeted lines P32 and P72 expressed Protox at a higher level than cytoplasm-expressed lines C17 and C89. This result shows that the B. subtilis Protox gene was transmitted stably into T1 rice plants and heterologous expression of Protox in rice was successful.
Western blot analysis B. subtilis Protox was detected by Western blotting in transgenic rice lines carrying the Protox gene, but not in transgenic control rice lines (Fig. 2) . Plastidtargeted transgenic lines P32 and P72 expressed 2-to 3-fold more Protox than the cytoplasm-expressed lines C17 and C89 (Fig. 2, a lower arrow) . The reason All measurements were done with the youngest expanded leaf at 4 WAT. Porphyrins were extracted and analyzed by HPLC with ‰uorescence detection as described in experimental procedures. WT, wild type; C89, cytoplasm-targeted transgenic line; P72, plastid-targeted transgenic line. Values are mean±SE of at leastˆve replications.
for assigning the lower arrowed bands as mature B. subtilis Protox proteins was based on both an exclusive detection only in transgenic lines (C17, C89, P32, P72) but not in the control line (TC) and the comparison of molecular weight with the puriˆed recombinant B. subtilis Protox (Bs). The protein bands, which were slightly larger than the puriˆed recombinant B. subtilis Protox harboring an extra eight amino acids including a hexahistidine, were always cross-reacted with our antibody in all tested lines including the control line. These major bands seemed to be either non-speciˆc bands or partially processed proteins from the proprotein of B. subtilis Protox. The reasons for these bands, especially expressing several-fold more in plastid transgenic lines than in cytoplasm lines, are unclear. It remains to be found on western blot analysis by using puriˆed chloroplasts. A 38-kDa protein was detected by Western blotting in transgenic plants that may be a degradation product of B. subtilis Protox. In addition, crossreacting proteins that seemed to be 4-5 kDa and 1 kDa larger than B. subtilis Protox and non-speciˆc bands, respectively, were detected at a low level only in plastid-targeted transgenic plants (Fig. 2 , an upper arrow). This protein may be a proprotein of B. subtilis Protox, which retains a transit sequence. Protox antibody-reactive proteins were not detected in the microsomal protein fraction (data not shown), indicating that B. subtilis Protox is expressed as a soluble protein in rice. These results provide strong evidence that B. subtilis Protox is expressed e‹cient-ly in transgenic rice plants. It is also evident that the transit peptide sequence is cleaved from the proprotein of B. subtilis Protox in rice, producing a mature Protox protein of the expected size.
Protox activity
Protox activity was measured and compared in transgenic and wild-type plants by measuring the formation of Proto IX in the presence of native or heatinactivated samples. The amount of Proto IX formed in the heat-denatured sample was subtracted from the Proto IX formed in the native sample. Due to focusing on the eŠects on enzyme activity of plastids and the di‹culty of purifying the pure cytoplasm from broken chloroplasts and other subcellular components, the activity assay was done using crude chloroplast suspensions of plants harvested 3 weeks after transplanting (WAT). Protox activity was 30 and 33z higher than wild-type in transgenic lines of plastid targeted P32 and P72, respectively. The cytoplasm transgenic lines also had shown increased Protox activities ranging from 11 to 18z compared to wild-type. These increases of Protox activities may be attributable either to contamination of the crude chloroplast fraction with the cytoplasmic fraction or to the partial expression of the B. subtilis in the plastid via the transport mechanism. The detailed experiments for this reason remain to be done. This result demonstrates that the B. subtilis Protox, which has been transcribed and translated as shown in Fig. 1 and Fig. 2B , is functionally active in transgenic rice plants (Table 1) .
Porphyrin analysis
Toˆnd whether the higher Protox activity in transgenic plants can be used to synthesize more porphyrin metabolites than in wild-type, we examined the levels of Proto IX, Mg-Proto-IX, and chlorophyll. The steady state level of Proto IX was similar in both transgenic and wild-type plants, indicating that expression of the B. subtilis Protox gene did not have a signiˆcant eŠect on Proto IX formation (Table 2) . One explanation for this is that accumulated Proto IX was e‹ciently processed to the next step in transgenic plants by the enzymes in the heme and Chl biosynthetic pathways.
Other intermediates of Chl biosynthesis including Mg-Proto IX, Mg-Proto IX-monomethyl ester, and aminolevulinic acid (ALA), were also measured in transgenic and wild-type plants. Mg-Proto IX, which is synthesized from Proto IX by the action of Mgchelatase, an enzyme right after Protox in chlorophyll synthesis, was produced in abundance in both transgenic lines in comparison to wild-type. The plastid-targeted line P72, which has the highest Protox activity, has shown higher levels of endogenous Non-covalently bound heme was measured at 4 WAT. ALA was measured after incubating the leaf disks of 6-week-old rice plants with 40 mM levulinic acid for 6 h under illumination. WT, wild type; C89, cytoplasmtargeted transgenic line; P72, plastid-targeted transgenic line. Values are mean±SE of six replications. Mg-Proto IX, 2.6 fold that of wild-type. In addition, the level of Mg-Proto IX in the cytoplasm-targeted C89 is 1.6 times higher than that of the wild-type, suggesting that even though chlorophyll biosynthesis is conˆned to chloroplasts, the expression of heterologous Protox in cytoplasm can aŠect chlorophyll biosynthesis. The total chlorophyll level was slightly higher in transgenic than in wild-type plants.
However, no signiˆcant increases in total chlorophyll level were observed in either cytoplasm-expressed or plastid-targeted transgenic plants, as it was in MgProto IX (Table 2) . Like Mg-Proto IX contents, the level of protoheme which was non-covalently bound heme primarily, was higher in transgenic plants than in wild-type, especially much higher levels in cytoplasm-expressed plants than in wild-type (Table 3 ). In contrast, the level of heme a was negligible and was similar in transgenic and wild-type plants. These results indicate that the putative higher level of Proto IX in Protox-expressing transgenic plants is used in similar amounts for Chl and heme biosynthesis ( Table 2 and  Table 3 ). Heme is the end product in one branch of the porphyrin biosynthetic pathway, and it causes feedback inhibition of biosynthesis of ALA. 22) However, transgenic plants expressing B. subtilis Protox had an increased capacity to synthesize ALA and Chl, albeit not high, without showing the feedback inhibition of ALA by heme and chlorophyll (Table 2 and Table 3 ).
Synthesis of ALA was also measured in transgenic and wild-type plants toˆnd if it correlates with increased syntheses of Mg-Proto IX, chlorophyll, and protoheme (Table 3) . At 6 WAT, ALA synthesis was higher in transgenic plants than in wild-type; a similar level was observed in cytoplasm-expressed and plastid-targeted plants. ALA formation is the rate-limiting step in the porphyrin pathway and it decides the rate of synthesis of precursors in the pathway. Our data presented here showed very intriguing views that the heterologous expression of Protox in the cytoplasmic compartment where porphyrin biosynthesis is not occurring can upregulate the biosynthesis of porphrin metabolites, such as ALA, protoheme, Mg-Proto IX, and chlorophyll.
Photosynthetic activities
To discover whether the marginal increase of chlorophyll content by expressing the B. subtilis Protox can aŠect photosynthesis, we measured the photosynthetic activities. The quantum yield was measured in transgenic and wild-type rice plants by measuring the Chl a ‰uorescence of photosystem II (PSII). Transgenic plants had a greater quantum yield than wild-type plants at 4 WAT ( Table 4 ). The quantum yield in 8 WAT plants followed the same pattern as in 4 WAT plants (data not shown). The quantum yield of PSII was used to reliably separate the diŠerences present between transgenic and wildtype lines early in plant development.
Gas exchange was measured to estimate in vivo carboxylation capacity and the maximum rate of ribulose-1,5-bisphosphate-limited photosynthesis. CO2 assimilation was measured at 8 WAT in transgenic and wild-type plants; measurement at earlier times was not feasible because the narrow leaves of younger plants do notˆt into the chamber of the infrared gas analyzer. CO 2 assimilation was similar in transgenic and wild-type plants at 2000 mmol PPFD m
, with a slightly higher rate in C89 cytoplasmtargeted transgenic plants (Table 4) .
Previous studies have attempted to increase photosynthetic capacity by changing the physical or chemical environment of plants; for example, by increasing CO2 input or applying exogenous chemical compounds such as porphyrin pathway intermediates. [23] [24] [25] [26] Recently, transgenic approaches for increasing photosynthetic performance were reported by using genes encoding phosphoenolpyruvate carboxykinase and phytochrome B. 27, 28) This study uses a genetic approach and transgenic technology to regulate the porphyrin biosynthetic pathway, stimulate Chl biosynthesis, and increase photosynthesis. Transgenic rice plants expressed B. subtilis Protox mRNA and protein at plastid-targeted transgenic plants and cytoplasm-expressed plants (Figs. 1 and 2 ). Protox activity was also higher both in plastid-targeted and cytoplasm-expressed plants than wild-type plants (Table 1) . Even though the heterologous expression of B. subtilis Protox did not cause a signiˆcant accumulation of photodynamic Proto IX in transgenic rice plants, it should be noted that other porphyrin intermediates levels were changed. This result is analogous to the report of transgenic tobacco plants overexpressing Arabidopsis Protox I in which these plants did not signiˆcantly increase synthesis of Proto IX or Chl. 8) However, it remains to be seen whether the modulation of porphyrin metabolite levels in cytoplasmic lines is ascribed to its expression in cytoplasm or in some other subcellular compartemt such as plastids.
In summary, we have presented data showing that transgenic plants harboring the B. subtilis Protox either in cytoplasm or in a plastid can alter the levels of porphyrin metabolites such as protoheme, MgProto IX, and ALA, and that these increases, albeit with a slight increase of chlorophyll, seem to be closely associated with the photosynthetic activity (quantum yield). It is possible that over the lifetime of the plant, a small increase in photosynthetic capacity could result in increased biomass. In a previous study, the cumulative long-term eŠect of a slight increase in photosynthetic rate increased growth in the C4 species. 24, 29) Whether this small increase in photosynthetic capacity could result in increased biomass requires a detailedˆeld experiments over several years after selecting homozygous transgenic lines.
